Iron homeostasis ensures adequate iron for biological processes while preventing excessive iron accumulation, which can lead to tissue injury. In mammalian systems, iron availability is controlled by the interaction of the iron-regulatory hormone hepcidin with ferroportin, a molecule that functions both as the hepcidin receptor as well as the sole known cellular exporter of iron. By reducing iron export through ferroportin to blood plasma, hepcidin inhibits the mobilization of iron from stores and the absorption of dietary iron. Among the many processes requiring iron, erythropoiesis is the most iron-intensive, consuming most iron circulating in blood plasma. Under conditions of enhanced erythropoiesis, more iron is required to provide developing erythroblasts with adequate iron for heme and hemoglobin synthesis. Here the hormone erythroferrone, produced by erythroblasts, acts on hepatocytes to suppress hepcidin production, and thereby increase dietary iron absorption and mobilization from stores. This review focuses on the discovery of erythroferrone and recent advances in understanding the role of this hormone in the regulation of iron homeostasis during states of increased erythropoietic demand. Gaps in our understanding of the role of erythroferrone are highlighted for future study.
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Iron homeostasis and regulation by hepcidin
Most iron in vertebrates is destined to become a component of hemoglobin, where it is essential for the transport of oxygen to all tissues. In healthy humans, approximately 60% of total-body iron is contained within circulating erythrocytes 1 and each day the synthesis of new erythrocyte hemoglobin requires about 80% 2 of the iron obtained from a combination of dietary sources and the recycling of senescent erythrocytes. When iron supply is inadequate, erythrocyte protein synthesis and development are altered in a regulated manner 3 resulting in microcytic anemia and reduced oxygen-carrying capacity. To ensure an adequate supply of iron for erythropoiesis and other iron-requiring processes, tightly orchestrated regulatory mechanisms control dietary iron absorption and the efflux of iron from stores in splenic and hepatic macrophages and hepatocytes. Iron lacks a quantitatively significant route of excretion from the body, therefore the absorption of new iron from the diet must be balanced with daily losses and the mobilization of stored iron to preserve systemic iron homeostasis. Ferroportin, the only identified mammalian iron export protein, delivers to plasma dietary iron from enterocytes, as well as stored iron from hepatocytes and macrophages of the reticuloendothelial system. 4, 5 The common role of ferroportin in both iron absorption and iron recycling allows for the streamlined regulation of iron availability through the modulation of ferroportin abundance in enterocytes, macrophages, and hepatocytes. The master regulator of ferroportin, and therefore whole-body iron homeostasis, is hepcidin, a peptide hormone produced primarily by hepatocytes. 6, 7 Hepcidin binds to ferroportin and reduces cellular iron export by 2 mechanisms: the hepcidin-induced conformational change in ferroportin initiates its ubiquitination and degradation 7 and the binding of hepcidin to ferroportin occludes iron transport. 8 At the organismal level, decreased ferroportin activity causes decreased iron absorption and reduced mobilization from stores. Hepcidin expression is regulated by iron status, increasing with elevated serum iron concentrations and liver iron stores and decreasing in response to iron deficiency. [9] [10] [11] Mutations in genes involved in the regulation of hepcidin expression, or in the gene encoding hepcidin itself, [12] [13] [14] [15] [16] [17] [18] may result in inappropriately low hepcidin levels, causing excessive iron accumulation and tissue damage in iron-accumulating tissues. Depending on the timing, severity, and extent of iron loading, iron-induced tissue injuries include hepatic fibrosis and cirrhosis, 19 endocrinopathies such as diabetes, 20 and cardiomyopathy. 21 On the other end of the spectrum, inappropriately elevated hepcidin concentrations, also resulting from genetic mutations, 22 can cause iron-deficiency anemia that does not improve in response to iron supplementation, referred to as iron-refractory iron-deficiency anemia (IRIDA).
Erythroid regulators of hepcidin and the discovery of erythroferrone
Early studies of iron absorption in the 1950s, 23 predating the identification of the specific proteins known today to be involved in iron homeostasis, indicated that iron absorption greatly increased in response to many, but not all, types of anemia. 24 Anemia and the resulting renal hypoxia increase erythropoietin (EPO) production 25 and thereby promote the production of new red blood cells. Increased erythropoiesis generates a large iron demand because erythrocytes contain about 1 mg of iron per mL of packed red cells, much more than other cells in the body. Therefore, the ability to rapidly mobilize and absorb additional iron in response to increased erythropoietic activity would expedite recovery in response to hematopoietic stress, such as blood loss or hypoxia. Later studies indicated that liver hepcidin expression decreases in response to anemia and that this suppression of hepcidin was dependent on the presence of functional erythroid precursors, as hepcidin suppression in response to anemia was not observed in mice treated with either g irradiation or chemicals toxic to developing erythrocytes. 26, 27 Initially factors such as growth differentiation factor 15 (GDF15) and twisted gastrulation BMP signaling modulator 1 (TWSG1) were identified as possible candidates for this erythroid regulator of hepcidin. 28, 29 However, bone marrow expression of TWSG1 is unaffected by phlebotomy and mice lacking GDF15 do not differ in their degree of hepcidin suppression in response to bleeding compared with wild-type mice, 30 arguing against a major role for these proteins in driving the erythroid-mediated suppression of hepcidin during conditions of erythropoietic stress.
Screening of mouse bone marrow mRNA for genes differentially regulated in response to phlebotomy revealed the upregulation of the ERFE mRNA levels at time points preceding hepcidin suppression by phlebotomy. 31 The gene Erfe was originally referred to as Fam132b and the product encoded by this gene was previously identified as a secreted protein and member of the C1q/TNF-related protein (CTRP) family, CTRP15, also termed myonectin. 32 For the sake of clarity, in this review the gene will be referred to by its current HUGO nomenclature as ERFE (or Erfe for the mouse gene specifically) and its protein product as erythroferrone or ERFE. Follow-up experiments indicated that while Erfe is expressed to varying degrees in nonerythropoietic tissues, among the tissues analyzed, Erfe mRNA abundance increased after hemorrhage or erythropoietin stimulation only in the bone marrow and spleen, 31 the primary sites of erythropoiesis and stress erythropoiesis in mice. 33 Studies in Erfe knockout mice showed that the loss of ERFE impairs the erythropoietic response during physiologic conditions such as rapid growth or after the pathological stress of blood loss, in which erythropoiesis is constrained by decreased iron availability, but that ERFE is not required for resting erythropoiesis in adult mice. Thus, ERFE is a mediator of the response to erythropoietic stress, suppressing hepcidin to promote the mobilization of stored iron and the absorption of dietary iron, so that the increased iron demands of developing erythrocytes can be met (Fig. 1) . Specifically, relative to wild-type mice, mice lacking ERFE had reduced hemoglobin levels shortly after weaning, a time of rapid growth, and failed to suppress hepcidin in response to bleeding 31 leading to impaired iron mobilization and delayed recovery from blood loss. In response to EPO, either endogenously produced after phlebotomy or administered by injection, erythroblasts at all stages of differentiation increased their expression of Erfe. This process was dependent on the activity of the STAT5 transcription factor and disruption of STAT5 signaling by inhibitor treatment prevented the induction of Erfe expression in response to EPO in vitro. 31 The regulation of hepatocyte hepcidin expression by ERFE is likely direct, not requiring intermediate signaling by an additional cell type, as evidenced by in vitro experiments using primary hepatocytes and hepatocyte-derived cell lines in the absence of other hepatic nonparenchymal cell populations. 31, 34 The specific receptors that mediate the response of hepatocytes to ERFE are not yet known.
The role of erythroferrone in iron overload associated with ineffective erythropoiesis
Because ERFE acts to suppress hepcidin in response to increased erythropoietic demand, it is a prime candidate to exert a similar role in conditions of dysfunctional erythropoiesis associated with iron overload (Fig. 2) . Anemia in b-thalassemia intermedia and major, resulting from defective b-globin synthesis, 35 is associated with decreased hepcidin expression, 36 excessive iron absorption, and systemic iron overload. 37 Deletion of Erfe in a mouse model of b-thalassemia (Hbb HbbTh3/+ ) 38 restores hepcidin expression to levels comparable with those measured in wild-type mice, and reduces tissue iron overload. 39 The suppressive effect of ERFE on hepcidin expression in Hbb HbbTh3/+ mice is most pronounced in young mice, before liver iron levels increase with age. In older Hbb HbbTh3/+ mice hepcidin levels are comparable with wild-type mice but still inappropriately low relative to the amount of liver iron accumulated, which would normally increase hepcidin expression. The ability of ERFE to influence hepcidin in an animal model of chronically ineffective erythropoiesis also indicates that the action of ERFE influences hepcidin expression under long-term conditions as well as acute events that promote erythropoiesis, such as a single EPO injection or phlebotomy. 31 Somewhat surprisingly, evidence suggests that in the context of ineffective erythropoiesis iron restriction can be beneficial, increasing hemoglobin as well as red cell quality and survival. 40, 41 However, while the absence of ERFE increases hepcidin levels, limiting not only iron accumulation but also available iron for erythropoiesis, in Hbb Th3/+ mice this change does not improve anemia, perhaps because the resulting iron restriction is very mild.
In human b-thalassemia, serum ERFE concentrations are greatly increased, are transiently suppressed after erythrocyte transfusions, and inversely correlate with serum hepcidin concentrations, 42 suggesting that ERFE contributes to the pathogenesis of iron overload by a similar mechanism as in the mouse model. Thus, future therapeutic interventions inhibiting the action of ERFE could be beneficial for preventing iron overload in b-thalassemia and other anemias with ineffective erythropoiesis. The contribution of ERFE to the pathogenesis of human b-thalassemia major could even be underestimated by the Hbb Th3/+ mouse, as this mouse is a model of b-thalassemia intermedia. The Hbb Th3/+ model generates much lower serum concentrations of ERFE than those measured in human b-thalassemia intermedia. 39, 42 Moreover, thalassemic mice continue to hyperabsorb iron even after iron accumulation in the liver raises hepcidin to wild-type concentrations, accumulating the additional iron in the spleen. 39, 43 This indicates that intestinal hyperabsorption of iron in murine b-thalassemia intermedia is resistant to inhibition by physiologic (but not therapeutic 44 ) concentrations of hepcidin, perhaps because of upregulation of intestinal ferroportin by anemia and hypoxia. 45 It is not known whether hepcidin resistance of similar severity develops in human b-thalassemia. These important differences between the mouse Hbb Th3/+ thalassemia intermedia model and the human disease give hope that inhibition of ERFE in human b-thalassemia major could be even more effective than its ablation in the murine model of b-thalassemia intermedia. In transfusion-dependent patients, neutralization of ERFE is not expected to reverse iron overload from erythrocyte transfusions and would therefore have to be used in combination with iron chelators.
The effect of erythroferrone in anemia of inflammation and in host defense
In anemia of inflammation, resulting from infection or chronic inflammatory processes, such as autoimmune diseases, IL-6 and other cytokines increase hepcidin production. 46 Increased hepcidin concentrations reduce intestinal iron absorption and cause iron retention in hepatocytes and iron-recycling macrophages, decreasing plasma iron concentrations and contributing to anemia. The main targets of this innate immune response are "siderophilic" microbes, that is, microbes whose pathogenicity is enhanced by iron, especially nontransferrin-bound iron (NTBI). The hypoferremic response, mediated by hepcidin, decreases extracellular iron concentrations, minimizes the concentration of NTBI, and protects against infections with siderophilic pathogens. 47, 48 However, anemia that develops during infections causes renal hypoxia, increasing EPO concentrations and thereby stimulating ERFE production, suppressing hepcidin, and releasing iron from hepatocytes and iron-recycling macrophages, potentially also providing more iron for siderophilic pathogens. Indeed, in a mouse-model of malaria infection, the ablation of Erfe was associated with reduced parasitemia but more severe anemia in the late stage of the disease compared with wild-type mice. 49 While an effect on mortality was not reported, the decrease in hepcidin and increase in serum iron in response to the action of ERFE may be detrimental in combating malaria or pathogens that benefit from the availability of iron. In a model of anemia of inflammation caused by heat-killed Brucella abortus, a pathogen that is inflammatory but no longer capable of proliferation, the iron mobilization and increased absorption mediated by ERFE had a net beneficial effect by promoting erythropoiesis and recovery from anemia. 50 Thus, ERFE accelerates recovery from anemia by releasing more iron, at Figure 1 . Erythroferrone in systemic iron homeostasis. In response to anemia, increased EPO production by the kidney stimulates erythroblasts to increase the production of erythroferrone (ERFE), both because EPO increases the number of erythroblasts and because EPO increases the synthesis of ERFE by each erythroblast. Circulating ERFE acts directly on hepatocytes to suppress hepcidin production, leading to reduced plasma concentration of hepcidin. Low levels of circulating hepcidin allow the efflux of stored iron, primarily from macrophages and hepatocytes, as well as increased dietary iron absorption, so that more iron is loaded onto transferrin. Increased flows of plasma holotransferrin then deliver iron to erythroblasts for augmented heme and hemoglobin synthesis. 
Erythroferrone as myonectin: a role in nutrient sensing/signaling
Myonectin was identified as a secreted protein abundantly expressed in skeletal muscle and encoded by the gene Fam132b (now Erfe). 32 Although the protein forms secreted by muscle and by erythroblasts have not been directly compared, published data suggest that the proteins are very similar or identical. Investigation into the metabolic role of myonectin in lipid homeostasis and nutrient signaling has indicated that myonectin levels rise with nutrient availability and that myonectin promotes the uptake of nonesterified fatty acids (NEFA) by adipocyte and hepatocytederived cell lines. 32 Myonectin is also reported to suppress hepatic autophagy, mediating crosstalk between the muscle and liver dictated by conditions of nutrient availability. 51 Studies focusing on the metabolic role of myonectin differ from those directed toward the role of ERFE in iron metabolism in that metabolic studies report a baseline level of serum myonectin in mice orders of magnitude higher, even without stimulation by EPO, phlebotomy, or ineffective erythropoiesis, than iron-related studies in which serum ERFE levels are nearly undetectable at baseline 39, 52 (unpublished observations). The lack of phenotypic difference between mice lacking ERFE and their wild-type littermate controls in parameters related to iron status, except during periods of rapid growth, argues in favor of serum ERFE levels reaching physiologic significance only in response to erythropoietic stimuli. 31 The discrepancy between assays detecting myonectin and ERFE may be due to methodological differences. Reports on the role of myonectin in lipid metabolism and nutrient sensing determined serum levels by the immunoblotting of serum samples compared with a standard curve of recombinant myonectin whereas iron-centric studies have quantified serum ERFE by using validated ELISAs that detected no analyte in Erfe À/À mice. The original myonectin assay was not tested in Erfe À/À mice and so it is not certain whether the detected species was in fact a product of the Erfe gene. In view of all these questions, we advocate a reexamination of the metabolic role of myonectin/ERFE using Erfe À/À mice as controls. A unifying context for the role of ERFE as an erythroid hepcidin/iron regulator and as a potential metabolic regulator is suggested by studies that report improvements in glucose tolerance or insulin sensitivity after chronic treatment with EPO, 53, 54 which stimulates the production of ERFE. However, the direct contribution of ERFE to these changes in glucose homeostasis has not been determined and evidence for a direct effect of EPO on glucose homeostasis, mediated through EPO receptor signaling in white adipose tissue, has been reported. 55 Studies using ERFE knockout mice will be required to distinguish the impact of ERFE on glucose homeostasis, under basal and EPO-stimulated conditions, from the direct action of EPO.
Mechanism of erythroferrone-mediated hepcidin suppression
Most ERFE-related research thus far has focused on the physiologic effects of ERFE in the regulation of iron homeostasis. Less is currently known regarding the mechanism(s) by which the ERFE-mediated suppression of hepcidin occurs. Regulation of hepatocyte hepcidin expression is transcriptional and responds to iron status through the sensing of at least 2 inputs by hepatocytes: the iron-dependent secretion of bone morphogenetic proteins (BMPs) and the concentration of plasma holotransferrin (Fig. 3) . 56 Recent studies suggest that the iron-responsive source of BMPs (BMP2 and BMP6) are the neighboring hepatic sinusoidal endothelial cells. 18, 57 In hepatocytes, BMPs from sinusoidal endothelial cells, along with holotransferrin sensed by transferrin receptors 1 (TFR1) and 2 (TFR2), and the associated hemochromatosis protein HFE, activate pathways that converge on the phosphorylation of mothers against decapentaplegic (SMAD) homologs, 17, 58 specifically SMAD1/5/8 that form complexes with SMAD4. SMAD complexes acts as transcription factors and interact with BMP-responsive elements in the hepcidin promoter to stimulate hepcidin transcription. 59, 60 Initial reports indicated that mouse liver SMAD5 phosphorylation was unchanged in response to EPO or phlebotomy at a time point associated with maximal hepcidin suppression. 31 However, more recent experiments using conditional knockout mice, in which the genes encoding both SMAD1 and SMAD5 had been deleted in hepatocytes, revealed that hepcidin suppression in response to EPO is mediated, in large part, through SMAD signaling and that treatment with ERFE suppresses SMAD1/5 phosphorylation in Hep3B cells, a hepatocyte-derived cell line. 34 Additionally, hepcidin expression was not decreased in mouse hepatocytes lacking both SMAD1 and SMAD5 in response to treatment with ERFE. SMAD1 and SMAD5 likely have redundant functions in ERFE-mediated hepcidin suppression as liver hepcidin expression decreased in mice lacking either SMAD1 or SMAD5 in hepatocytes, to the same degree detected in wild-type mice, after treatment with EPO. 34 The presence of SMAD8 is not sufficient to preserve ERFE signaling in the absence of SMAD1/5 but the effect of SMAD8 deletion on ERFE signaling has not been directly determined.
As evidence suggests that ERFE signaling occurs via the SMAD signaling pathway, various proteins that are known to regulate SMAD signaling can be considered logical candidates for the yetunidentified ERFE receptor or other modifiers of ERFE signaling. The gene TMPRSS6 encodes the protein transmembrane protease serine 6, also known as matriptase 2 (MT2), a serine protease involved in the regulation of hepcidin expression. 61 MT2 has attracted attention with regard to ERFE signaling because in Tmprss6 À/À mice hepcidin was not suppressed in response to EPO. 62 One postulated explanation for the lack of ERFE signaling in the absence of MT2 is that in this model SMAD signaling is hyperactivated to such an extent that the suppressive stimulus of ERFE is comparatively minor. This explanation is in line with data from mice fed high-iron diets, a treatment that increases SMAD phosphorylation, 63 in which hepcidin suppression in response to bleeding is blunted. 31 However, when Tmprss6 À/À mice were combined with BMP6 À/À mice, to decrease baseline SMAD phosphorylation and hepcidin expression to levels approximating those of wild-type mice, EPO treatment still failed to reduce liver hepcidin expression. 62 Alone this evidence suggests an indispensable role for MT2 in ERFE signaling but is contradicted by data from isolated primary Tmprss6 À/À hepatocytes that are responsive to ERFE in vitro, 64 suggesting that the loss of ERFE signaling along with the absence of MT2 in vivo is attributable to other unidentified factors. Phlebotomy also elicits a decrease in hepatic hepcidin expression in mice lacking hemojuvelin and TFR2, 31 proteins involved in BMP/iron sensing and the regulation of SMAD activation, 65, 66 suggesting that these proteins are not required for ERFE signaling. Additionally, inhibition of the type-1 BMP receptor kinase activity 67 The roles of other proteins involved in the regulation of SMAD activation/suppression have not yet been investigated in the context of ERFE-mediated hepcidin suppression. In anemias, decreased oxygen tension in the kidney drives increased erythropoietin production, which induces ERFE secretion by erythroblasts and thereby suppresses the hepatic production of hepcidin. In anemias with ineffective erythropoiesis, the erythroblast population is greatly expanded but many erythroblasts undergo apoptosis (indicated by X) before completing differentiation, so that relatively few erythrocytes are produced. Because there are many more erythroblasts when erythropoiesis is ineffective, ERFE production is further increased and the suppression of hepcidin is greater than in effective erythropoiesis. Very low hepcidin levels cause hyperabsorption of iron and the release of iron from macrophages. Transferrin saturation rises and the generation of nontransferrin-bound iron (NTBI) is increased. NTBI is taken up by the liver (depicted in blue) and other parenchymal organs, leading to organ damage. 
Future directions

Identification of an erythroferrone receptor
Many fundamental questions remain unanswered regarding the mechanism(s) of ERFE signaling. To date no putative receptor for ERFE has been identified and little is known about the dependence of ERFE activity on its oligomerization and posttranslational modification. Other members of the CTRP family are demonstrated to interact with ERFE, and ERFE produced by overexpressing cells is reported to present as oligomeric complexes of varying size, similar to other CTRP proteins. 32 Unpublished observations from our lab suggest that purified monomeric ERFE is less potent at suppressing hepcidin expression compared with unpurified ERFE found in overexpressing-cell supernatants, suggesting that the formation of oligomeric complexes may enhance ERFE signaling. Another area that has not been extensively investigated is the effect of ERFE on other cell populations besides hepatocytes. To date, ERFE signaling has focused primarily on hepatocytes and adipocytes, 31, 32, 51 it remains to be seen whether ERFE signaling affects other cell types or if the effect of ERFE is restricted to select populations of cells. The discovery that ERFE suppresses SMAD signaling provides a metric to assess ERFE signaling in cell populations that do not express substantial amounts of hepcidin, potentially providing a new approach to identify elements of the ERFE signaling pathway and explore the effects of ERFE signaling in other cell populations. The action of ERFE in suppressing hepcidin production by nonhepatocyte cell populations is also of interest in light of recent evidence that hepcidin locally produced by cardiomyocytes regulates the iron status of these cells in an autocrine or paracrine fashion. 68 If ERFE can modulate hepcidin expression in cell populations such as cardiomyocytes, where the effects of hepcidin are autocrine or paracrine rather than endocrine, then it may affect iron metabolism in cell types that are under the control of local, rather than systemic, hepcidin production. Other cell populations such as pancreatic b-cells, 69 adipocytes, 70 gastric parietal cells, 71 and various cells types in the kidney 72 are also reported to express hepcidin and warrant future examination of the effect of ERFE on local hepcidin production and tissue iron homeostasis.
Therapeutic control of erythroferrone signaling
Based on the lack of hepcidin suppression by erythropoietin in Tmprss6 À/À mice, 62 supraphysiological amounts of ERFE may be required to lower inappropriately high hepcidin in anemia of inflammation or iron-refractory iron deficiency anemia. Whether this is a feasible and safe approach to treating these disorders remains to be demonstrated. At the other end of the spectrum, anemias with ineffective erythropoiesis and low hepcidin leading to iron overload, dramatic improvements in lifespan and ironoverload related complications have been brought about by the use of chelation therapy, for example, in patients with b-thalassemia major. However, chronic iron accumulation still occurs and heart failure, attributed to cardiac iron loading, is a major cause of death in patients with b-thalassemia major who are noncompliant or do not tolerate current chelators. 73 Evidence that ERFE is elevated in b-thalassemia, in both mice and humans, 39, 42 and that ERFE contributes to hepcidin suppression and the accompanying iron overload observed in this condition, makes ERFE a candidate target for therapeutic inhibition, especially because it is a "picomolar" hormone that can be neutralized by appropriate long-acting antibodies. Several anti-ERFE antibodies have been generated making these logical candidates for testing to confirm an inhibitory effect on ERFE signaling and determine the phenotypic effect in models of ineffective erythropoiesis associated with inappropriately low hepcidin and iron accumulation. High-throughput screening of small-molecule libraries to identify chemical inhibitors of ERFE signaling may also be a useful approach if preliminary testing of ERFE inhibition suggests a beneficial therapeutic effect. Such treatment may reduce excessive iron accumulation and the accompanying complications in patients with b-thalassemia, either in combination with chelators in b-thalassemia major, or alone in b-thalassemia intermedia where iron overload is largely or wholly dependent on the hyperabsorption of dietary iron.
